Background: Hyper-activation of TGF-β signaling is critically involved in progression of hepatocellular carcinoma (HCC). However, the events that contribute to the dysregulation of TGF-β pathway in HCC, especially at the posttranslational level, are not well understood. Methods: Associations of deubiquitinase POH1 with TGF-β signaling activity and the outcomes of HCC patients were examined by data mining of online HCC datasets, immunohistochemistry analyses using human HCC specimens, spearman correlation and survival analyses. The effects of POH1 on the ubiquitination and stability of the TGF-β receptors (TGFBR1 and TGFBR2) and the activation of downstream effectors were tested by western blotting. Primary mouse liver tissues from polyinosinic:polycytidylic acid (poly I:C)-treated Mx-Cre+, poh1 f/f mice and control mice were used to detect the TGF-β receptors. The metastatic-related capabilities of HCC cells were studied in vitro and in mice.
Transforming growth factor β (TGF-β) acts as a promoter or a tumor suppressor of tumor progression depending on tumor types, stages and cellular contexts [1, 2] . In liver tumorigenesis, most evidence indicates that TGF-β signaling contributes to tumor cell proliferation, metastasis and remodeling of the tumor microenvironment [3] . Notably, genetic manipulation and knockdown of the components of TGF-β signaling reveal that TGF-β greatly enhances liver tumorigenesis in mice [4] [5] [6] . Moreover, in human hepatocellular carcinoma (HCC) tissues, serum TGF-β levels and the activation of the intracellular downstream effectors are positively associated with poor outcomes of HCC patients [7, 8] . Integrative transcriptome studies propose hyperactivation of TGF-β signaling as the main characteristic of HCC with aggressive behavior and poor prognosis [9, 10] . Although hyper-activated TGF-β signaling has been known to facilitate HCC development and progression. However, the mechanisms underlying dysregulated TGF-β signaling in HCC remain elusive.
Deubiquitination is considered to play key roles in maintaining cellular homeostasis and proper functions. Numerous evidences suggest that dysfunction of deubiquitinating enzymes (DUBs) is responsible for multiple types of diseases including cancer [11] [12] [13] [14] . Some DUBs are aberrantly expressed in HCCs and regulate the tumorigenesis and progression of HCC, such as OTUB1 [15] , USP9X [16] and PPPDE1 [17] .
It has been known that the TGF-β receptors can be deubiquitinated and stabilized by USP4, USP15 and USP11 [18] [19] [20] . However, little is known about DUBs that can regulate the TGF-β signaling in the context of HCCs.
POH1/rpn11/PSMD14 is associated to 19S regulatory particle and serves as a deubiquitinating enzyme that regulates various biological processes and pathways, including proteasomal activity [21, 22] , aggresome clearance [23] , DNA double strand breaks [24] , embryonic stem cell differentiation [25] and cell survival [26] . POH1 belongs to the JAMM (JAB1/MPN+/MOV34) domain metalloprotease family of DUBs. Our previous study revealed that POH1 is aberrantly expressed in HCC tissues and promotes tumor development by deubiquitinating and stabilizing the transcription factor E2F1 [27] . Recently, emerging evidence demonstrated the deregulation and implication of POH1 in different types of malignancies, such as esophageal squamous cell carcinoma [28] , myeloma [29] , and breast cancer [30] .
Given the importance of TGF-β signaling in tumor development and progression, we set out to interrogate key deubiquitination events underlying aberrant activation of TGF-β signaling in HCC. Through classification of HCC patients from independent cohorts, in silico screening of DUBs expression and functional analyses, we demonstrated that the dubiquitinase POH1 deubiqutinates and stabilizes the TGF-β receptors and thereby potentiates tumor metastasis. These findings therefore reveal a previously unrecognized role for POH1 in regulating TGF-β-related malignant progression in hepatocellular carcinoma.
Materials and methods

Classification of samples in datasets and gene set enrichment analysis
TCGA-LIHC gene expression matrix and clinical information were downloaded from UCSC Xena web site (https://xenabrowser.net/ datapages/?cohort=TCGA%20Liver%20Cancer%20(LIHC)). Gene expression data of GSE14520 and GSE54236 datasets were downloaded from GEO database. Gene signatures was from Molecular Signatures Database (MSigDB) (http://software.broadinstitute.org/gsea/msigdb/ index.jsp). Activity score of each gene signature in each sample was determined by single sample gene set enrichment analysis (ssGSEA, Gene Pattern module). Molecular classification was performed using R statistical packages version 3.5.1. Unsupervised clustering was achieved using k-means by the kmeans function in R package stats. Gap statistics was calculated to determine the optimal number of clusters. The signatures of Hoshida classes were derived from MSigDB. Nearest Template Prediction (NTP) analysis (Gene Pattern modules) was performed to classify samples into the published classes using the default parameters. TGF-β_activity_score was defined by the geometric mean of ssGSEA scores of the TGF-β positively regulated gene signatures KARLSSON_TGFB1_TARGETS_UP and COULOUARN_TEMPORAL_ TGFB1_SIGNATURE_UP. The subpopulation specific genes were determined by a two-step algorithm Significance Analysis of Microarrays (SAM) followed by Prediction Analysis of Microarray (PAM) as described by Sadanandam, et al. [31] . The POH1 regulated genes were determined by our previously published genome-wide transcription profiles of HCC cell lines (GSE65210) overlapped with the genes correlated with POH1 expression in TCGA-LIHC dataset. Heatmaps were generated by ComplexHeatmap packages. Gene Set Enrichment Analysis (GSEA) was performed using the GSEA program provided by the Broad Institute (http://www.broadinstitute.org/gsea/index.jsp).
Cell lines and tissue specimens
MHCC97L cells were provided by the Liver Cancer Institute of Zhongshan Hospital, Fudan University (Shanghai, China). Huh7 and HEK293T cells were acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA). Authentication of ATCC cell lines was performed using the GenePrint10 System (Promega Biotech Co.). The immortalized liver cell line LO2 and HCC cell line SMMC7721 was obtained from the cell bank of the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). Mouse LPC-Akt cells have been previously described [27] . All cell lines were authenticated by the examining of morphology and growth rate. Cell lines were maintained at 37°C in 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum. Cell lines were tested routinely for mycoplasma before use and all cell lines were used within 30 passages. A set of tissue microarrays (TMA) containing 78 HCC and non-tumoral tissue pairs were used for IHC staining. The basic clinicopathologic data were listed in Table S1 . This study has been approved by the Ethics Committee of Renji Hospital, Shanghai Jiao Tong University School of Medicine. Liver tissues from poh1 wt or poh1 f/f , Mx-Cre + mice were obtained as previously described [27] . In brief, the poh1 f/f conditional knock-out mouse model (poh1 f/f ) was created by Beijing Biocytogen. By crossing Mx-Cre mice with poh1 f/f mice and then backcrossing, the generated poh1 f/f , Mx-Cre + mice (6-8 weeks) were injected with three rounds of 5 μg/g body weight of poly I:C to induce poh1 deletion in liver tissues. All animal experiments were subject to approval by the Animal Care Committee of Shanghai Jiaotong University.
Reagents and antibodies
Recombinant Human TGF-β1 Protein (240-B) was from R&D systems. Lipofectamine® 2000 or Lipofectamine® 3000 Transfection Reagent was from Invitrogen. Bafilomycin A1, Cycloheximide (CHX), puromycin, Thiazolyl Blue Tetrazolium Bromide (MTT, M5655) were from Sigma. MG132 (S2619) was from Selleck. TGFBR1 inhibitor LY-364947 (616451) was from Calbiochem. The primary antibodies used for western blotting were as follow: POH1 (CST, 4197, 1:1000), p-SMAD3 (abcam, ab52903, 1:1000), p-SMAD2 (CST, 3108, 1:1000), SMAD3 (proteintech, 25494-1-AP, 1:1000), SMAD2 (proteintech, 12570-1-AP, 1:1000), GAPDH (Santa Cruz, sc-25778, 1:1000), Flag-tag
Research in context
Evidence before this study Hyperactivation of TGF-β signaling is one of the main characteristics of hepatocellular carcinoma (HCC) with aggressive behavior and poor prognosis. Consistently, in liver tumorigenesis, TGF-β signaling contributes to HCC cell proliferation, metastasis and remodeling of the tumor microenvironment. POH1 is aberrantly expressed in multiple types of cancers and functions as a deubiquitinating enzyme that contributes to tumor growth and progression. However, the role for POH1 in the regulation of TGF-β signaling is still unrecognized.
Added value of this study
We categorized HCCs with the molecular classification based on the activities of TGF-β signaling, metastatic capability and clinical outcomes. POH1 hyperactivation is positively associated with the strength of TGF-β signaling, tumor metastasis as well as poor outcomes of HCC patients. Furthermore, the present study revealed a role for POH1 in deubiquitinating and stabilizing the TGF-β receptors, thereby promoting activation of TGF-β signaling and HCC metastasis.
Implications of all the available evidence
The present work proposes POH1-mediated regulation of TGF-β signaling as an event critical for HCC progression and suggests that POH1 may be a promising target for HCC treatment.
(Sigma Aldrich, f1804, 1:1000), TGFBR1 (Thermo Fisher, PA5-14959, 1:500), TGFBR1 (Proteintech, 55391-1-AP, 1:500), TGFBR1 (Goat anti-TGFBR1, R&D, AF3025-SP), TGFBR2 (Themo Fisher, PA5-35076, 1:500), β-actin (Santa Cruz, sc-47778, 1:1000), HA-tag (Sigma Aldrich, H9658, 1:1000), V5-tag (Mouse anti-V5, MBL, M167-3, 1:1000), V5-tag (Rabbit anti-V5, CST, 13202S, 1:1000), CAV1 (proteintech, 16447-1-AP, 1:500) and ubiquitin (abcam, EPR8589, 1:1000). The primary antibodies used for immunohistochemistry were as follow: POH1 (Sigma, HPA002114), TGFBR1 (Thermo Fisher, PA5-14959, 1:100) and TGFBR2 (Themo Fisher, PA5-35076, 1:100).
Plasmids, siRNAs and cell transduction
Flag (3 × Flag)-tagged POH1(WT or ΔJAMM), V5-tagged TGFBR1 (WT), TGFBR1(T204D), TGFBR2(WT), POH1(WT), and CAV1(K-R) were cloned into pLVX plasmid. The plasmids expressing HA tagged wild-type ubiquitin (Addgene plasmid 17,608), K63-ubiquitin (Addgene plasmid 17,606) and K48-ubiquitin (Addgene plasmid 17,605) were kindly provided by Ted Dawson. HEK293t cells were used for lentivirus packaging. Lentiviral vectors expressing target genes were co-transfected with lentiviral packaging plasmids psPAX2 (Addgene plasmid, 12,260) and pMD2.G (Addgene plasmid, 12,259) with Lipofectamine® 3000 (Invitrogen). Viruses were harvested at 48 h and 72 h after transfection. Transduced cells were isolated by FASC sorting or puromycin selection.
The duplex siRNAs were chemically synthesized by Genepharma (Shanghai, China). The sequences of the siRNAs were as follows: POH1 si-1 (GGTCTTAGGACATGAACCA) and POH1 si-2 (GTGATTGATGTGTT TGCTA). siRNA transfection was performed using Lipofectamine® 2000 (Invitrogen) as standard protocol.
LC-MS/MS peptide identification
Proteins purified through immunoaffinity using Flag M2 Affinity Gel (Sigma, A2220) were resolved by SDS-PAGE followed by excised, digested with trypsin (Promega) into peptides and then subjected to LC-MS/MS (Liquid chromatography-tandem mass spectrometry) analysis.
LC-MS/MS identification of peptide mixtures was performed at Applied Protein Technology (aptbiotech, Inc. Shanghai, China). Briefly, peptides were chromatographed through the Easy-nLC 1000 system (Thermo Fisher). Peptide samples was loaded by Thermo Scientific Acclaim PepMap100 (100 μm*2 cm, nanoViper C18) and separated by Thermo scientific EASY column (10 cm, ID75μm, 3 μm, C18-A2) at 300 nL/min for 60 min using a three-step acetonitrile (0.1% formic acid in 84% acetonitrile) gradient: 0%-35% over the first 50 min and 35%-100% for 50-55 min and 100% for 55-60 min. The tandem mass spectrometry was performed by Q Exactive mass spectrometer (Thermo Fisher). The MS1 survey scan (300-1800 m/z) was at a resolution of 70,000 at 200 m/z with automatic gain control (AGC) target of 1e6 and a maximum injection time of 50 ms. Dynamic exclusion was 60.0 s. Each full scan take 20 MS2 scans. MS2 activation type was HCD model. Isolation window was 2 m/z. MS2 scan was at a resolution of 17,500 at 200 m/z with normalized collision energy 30 eV. Underfill was 0.1%. RAW files generated by spectrometer was subjected to Biopharma Finder1.0 software for protein identification. The search parameters were set as follows: Mass Values, Monoisotopic; Fixed modifications, Carbamidomethyl (C); Variable modifications, oxidation (M); Max modification/peptide, 2; Mass Accuracy, 10 ppm; Minimum confidence, 0.8. The data has been deposited to MassIVE Repository with the dataset identifier MSV000083366.
Pull down of cell surface receptors
Cells were washed with ice-cold PBS (supplemented with 0.9 mM CaCl 2 and 0.5 mM MgCl 2 ), then incubated with 0.5 mg/ml sulfo-NHS-SS-biotin (Thermo Fisher Scientific, 21,441) dissolved in PBS for 30 min at 4°C. After the unreacted biotin was removed through 50 mM glycine, the cells were lysed by RIPA buffer. Biotinylated proteins were precipitated with Pierce™ High Capacity NeutrAvidin™ Agarose (Thermo Fisher Scientific, 29,202). Following three times washing with PBS, the indicated receptors were detected by immunoblotting.
In vivo pulmonary metastasis model
The in vivo lung metastasis models were established by MHCC97L and LPC-AKT cells. MHCC97L cells expressing the control vector or POH1 (3 × 10 6 cells per mouse) suspended by 0.2 ml PBS were injected via tail veins into the nude mice (5-6 weeks of age). After 50 days, the mice were sacrificed. LPC-AKT cells expressing the vector or POH1 (1 × 10 5 cells per mouse) in 0.2 ml PBS were injected through tail veins to the C57BL/6 mice (5-6 weeks age). The lungs were fixed with 4% paraformaldehyde and then subjected to Paraffin embedding and sectioning or fixed with Bouin's solution (Wuhan Goodbio Technology, Wuhan China) for observation. The paraffin sections were H&E stained, visualized and imaged with microscope. To evaluate seeding of tumor cells in the lung.
In vivo deubiquitination assay
HA-ubiquitinated TGFBR1-V5 or TGFBR2-V5 proteins were immunoprecipited using the anti-V5 antibodies in denaturing conditions. The target proteins were immune-purified with protein G agarose (Millipore, 16-266) and immunoblotted with antibodies against HA or ubiquitin.
In vitro deubiquitination assay
UB-HA conjugated TGFBR1(T204D)-V5 was purified from HEK293T cells by protein G-agarose (16-266, Millipore), then incubated with anti-V5 antibody. 3 × Flag tagged POH1(wild type or ΔJAMM form) was purified by anti-Flag M2 Affinity Gel (Sigma), and then incubated with 3 × Flag peptides (Sigma) to elute from the gel. HA-UB-TGFBR1 (T204D)-V5 and POH1 were incubated for 1 h at 37°C in reaction buffer (50 mM Tris PH7.5, 10 mM MgCl2, 1 mM DTT, 100 mM NaCl, 1 mM ATP). The agarose was boiled with loading buffer and subjected to immunoblotted with antibodies against HA.
Transwell and wound healing assays
Cellular mobility was examined by transwell migration assays, that performed by Boyden chambers (8 μm-pore, Millipore, MA, USA) in 24-well plates. For invasion assays, the chambers were pre-coated by 50 μl Matrigel (BD Biosciences, MA, USA) and dried before use. 1 × 10 5 cells suspended by serum-free DMEM were seeded in the upper chambers, while the lower chambers were containing DMEM supplemented with 20% fetal bovine serum. Factors and inhibitors were added into upper and lower chambers. After incubation for 24 or 48 h at 37°C in a CO2 incubator, the inserts were washed twice by PBS. The cells on the top surface of the chambers were wiped out by cotton swabs. The cells on the bottom surface of the cambers were then fixed by methanol, then stained by crystal violet and inspected using microscope. For the wound healing assays, cells were grown to confluence in the 6-well plates. Then the wounds were made by pipette tips. TGF-β (5 ng/ml) was used to treat cells 24 h before wounding and lasted to day 1 after that. The imaging was performed through a Phase-contrast microscope (Nikon, Shanghai, China).
Real-time PCR
To perform quantitative real-time RT-PCR, total RNA from cells were extracted through RNAiso Plus kit (Takara Bio Inc.). The cDNA preparation was achieved based on standard procedures using primeScript RT Master kit (Takara Bio Inc.). Real-time PCR was performed by SYBR gGreen quantitative PCR kit (Life Technology) using the 7500 Real Time PCR System or ViiA7 System (AB Applied Biosystems). The primers used in the mRNA levels detection were as follows: human GAPDH-F: CATGAGAAGTATGACAACAGCCT, human GAPDH-R: AGTCCTTCCACGATACCAAAGT; TGFBR1-F: AAGAACGTTCG TGGTTCCGT, TGFBR1-R: CACCAACCAGAGCTGAGTCC; TGFBR2-F: GCAC GTTCAGAAGTCGGATG; TGFBR2-R: CTGCACCGTTGTTGTCAGTG, human CAV1-F: CGCGACCCTAAACACCTCAA; human CAV1-R: TCGTCACAGTG AAGGTGGTG.
Western blot
Cells or tissues were lysed by RIPA buffer (Thermo Fisher Scientific, 89,901) with protease inhibitors cocktail (Roche Diagnostics, 05892970001) and phosphatase inhibitor cocktail (Roche Diagnostics, 04906845001). The lysates were clarified by centrifugation at 13000g for 30 min at 4°C. Protein concentrations were determined by BCA protein assay kit (Thermo Fisher Scientific, 23,225) followed by boiled with loading buffer. Protein samples (50-150 μg) were separated through SDS-PAGE, then transferred to NC membranes (Pall Corporation) blocked and incubated with the primary antibodies. After washing with TBST, the blots were incubated with goat anti-rabbit (Santa Cruz, sc-2004), goat anti-mouse (Santa Cruz, sc-2005) or mouse anti-goat (Santa Cruz, sc-2354) HRP (horseradish peroxidase)-conjugated secondary antibodies (Santa Cruz Biotechnology) and visualized using the SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific, 34,076).
Immunoprecipitation
Cells were harvested and lysed with an IP lysis buffer (Beyotime Institute of Biotechnology, P0013). Total protein (up to 5 mg) was incubated with Flag M2 Affinity Gel (Sigma, A2220) to immunoprecipitated the Flag-tagged proteins, overnight at 4°C on a rocking platform. The immunoprecipitates were collected by centrifugation and washed three times with the cold TBS. the immunoprecipited protein complexes were eluted through 3 × Flag peptides (Sigma, F4799). The co-immunoprecipitated proteins were detected through western blot assay or subjected to the LC-MS/MS peptide identification.
Co-immunoprecipiation of the endogenous proteins was achieved by Protein G-agarose suspension (Millipore, 16-266). Total protein was incubated with 50 μl of Protein G-agarose suspension for 3 h at 4°C on a rocking platform to reduce non-specific binding. After removing the beads, the supernatant was supplemented with the primary antibodies followed by incubation for an additional 3 h at 4°C. A total of 100 μl of Protein G-agarose was then added to each immunoprecipitation mixture, and the incubation was continued overnight at 4°C on a rocking platform. The immunoprecipitates were collected by centrifugation and washed three times with the TBS. The agarose was boiled with loading buffer and subjected to western blot analysis.
Immunohistochemistry
In the immunohistochemical staining assays, the slides were rehydrated and then immersed in 3% hydrogen peroxide solution for 15 min. Slides were pretreated by microwave for 25 min in 0.01 mol/L citrate buffer, pH 6.0, at 95°C; and cooled naturally to room temperature. Between each incubation step, the slides were washed with PBS, pH 7.4. And then incubated overnight at 4°C with diluted antibody against each protein studied. After washing with PBS, the sections were visualized using GTVisionTMIII Detection System/Mo&Rb (GeneTech, GK500710) as the manufacturer's instructions. IHC staining for POH1 and p-SMAD3 in human tissue samples was scored based on the intensity (1: low staining; 2: moderate staining; 3: high staining) and their percentage. The overall score the sum of intensity score × percentage.
Statistics
The correlation between protein expression levels was analyzed using the Spearman correlation test. The correlations between gene expression levels were calculated by Pearson correlation. Significant differences between groups were examined through student's t-test, Mann-Whitney test or Kruskal-Wallis rank sum test and Dunn's test of multiple comparisons. Kaplan-Meier survival analyses were tested by log-rank test. Factors that significantly impacted patient overall survival and progression-free survival were identified by both univariate and multivariate Cox proportional hazards regression models. The hazard ratios (HRs) and 95% confidence intervals were calculated. Statistical analyses were conducted by PASW 18.0 Statistical program (SPSS), GraphPad Prism 5 software and R statistical packages version 3.5.1. All P values b.05 were considered significant.
Results
HCC classification reveals a correlation between POH1 expression and poor prognosis
To categorize HCC patients into subclasses with respect to TGF-β signaling activity, metastasis potential and outcomes, we collected twelve signatures from Molecular Signatures Database (MSigDB) (Table S2) to cluster the patients from three independent cohorts. After calculating the Gap statistics to determine the optimal number of clusters, the TCGA-LIHC patients with scores of different signatures were clustered by k-means clustering algorithm into six classes (Fig. 1a) . The overall scores of the signatures related to TGF-β signaling, high-metastatic and poor survival varied remarkably among the subgroups, showing a strong correlation between TGF-β activation and tumor progression. Notably, most patients in class1 group could be designated as Hoshida_class_C1 group, which represents a sub-population of HCCs with hyperactivated TGF-β signaling [10] (Fig. 1a, right) . The rationality of the classification was then validated with other two GEO datasets (Fig. S1a) . Furthermore, Kaplan Meier survival analyses were performed to test the differences of survival rates among different classes and confirmed that the patients from Class1 were worst in respect of overall survival in all three independent datasets (Fig. 1b) . The genes that were statistically significant across all of the classes were determined by SAM-PAM algorithm and shown in Table S3 .
Given the importance of deubiquitinating events in tumor progression, we set out to screen the differentially expressed DUBs between class1 and class 6 HCCs using three HCC databases. We found that POH1 was one of the DUBs displaying a significant upregulation in Class1 HCCs (Fig. 1c) . Importantly, we observed remarkable segregations among six groups in levels of POH1 expression, basically revealing a positive correlation between levels of POH1 transcripts and aggressiveness (Fig. 1d-e) . Furthermore, assessing expression patterns of POH1 down-stream genes in the subgroups of HCCs showed that POH1 activity could be largely manifested by the classification (Fig. 1f) . Correlation of POH1 expression with the reported molecular subclasses were also analyzed, and the results showed that a set of molecular signatures related to poorer prognosis or higher risk of The gene set enrichment analyses were performed on liver cancer datasets from TCGA and GEO databases, based on POH1 expression levels, using a TGF-β positively regulated gene set (KARLSSON_TGFB1_TARGETS_UP) (e), and a metastasis-positively correlated gene set (RAMASWAY_METASTASIS_UP) (f). The representative GSEA results from each signature were shown in the left panels and the lists of the normalized enrichment score (NES) and P values in the indicated dataset were shown in right panels. recurrence were enriched in HCCs highly expressing POH1, whereas the signatures indicative of good outcome were enriched in the HCC population with low expression of POH1 (Fig. S1b) . Collectively, our classification of HCC with different molecular signatures identifies POH1 as a DUB protein involved in regulating tumor progression.
We further explored the relationship between POH1 expression and survival rates using the information of the HCC databases. Indeed, high POH1 expression in tumors was significantly correlated with poor overall survival of HCC patients (Fig. S2a) . Concurrently, gene set enrichment analyses of the TCGA and several GEO liver cancer datasets demonstrated a significant enrichment in the expression of a set of genes, which indicates poor survival of patients [32] , in HCCs with high POH1 expression (Fig. S2b). 
POH1 promotes TGF-β signaling in HCC cells
To further corroborate the clinical relevance of POH1 and TGF-β signaling in HCCs, we examined levels of p-SMAD3, an indicator of TGF-β activation, as well as the expression of POH1 in 78 pairs of HCC specimens and the adjacent non-tumoral tissues by immunohistochemical staining. Compared with non-tumoral liver tissues, both POH1 and p-SMAD3 scores were significantly elevated in HCC specimens (Fig. S2c) . Importantly, we detected a positive correlation between POH1 and p-SMAD3 staining scores in these HCC samples (P b .001, by Spearman correlation test) (Fig. 2a-b) . Collectively, these results strongly suggest that POH1 may promote TGF-β signaling in HCC.
Consistently, Kaplan-Meier analyses from the HCC samples revealed that the patients with higher staining scores of POH1 and p-SMAD3 had lower overall survival (Fig. 2c ) and more advanced progression (Fig. 2d) . Univariate Cox regression analyses showed that POH1 was significantly correlated with the risk of death and recurrence of HCC patients. In addition, the analyses with a multivariate Cox proportional hazards model indicated POH1 as an independent prognostic factor for both overall survival and progression-free survival in HCC patients (Table S4-5) .
We further substantiated the clinical evidence linking the POH1 expression and TGF-β signaling in HCCs, and found that the TGF-β downstream signature (KARLSSON_TGFB1_TARGETS_UP) [33] , which mirrors TGF-β activities, was significantly enriched in HCCs with high levels of POH1 in different cohorts (Fig. 2e) . The positive correlation between levels of POH1 transcripts and scores of TGF-β activity in individual HCCs were exemplified with three databases (Fig. S2d) . Of note, in addition to the correlation of POH1 expression with poor progression-free survival in HCC patients, the gene signature related to metastasis was found to be significantly enriched in the HCC specimens with high POH1 expression (Fig. 2f) .
We next explored whether TGF-β regulates POH1 expression in cultured HCC cells. The results showed that TGF-β stimulation upregulated POH1 protein levels without influencing POH1 mRNA expression (Fig. 3a and Fig. S3a) . These results promoted us to investigate whether POH1 is engaged in TGF-β signal transduction. Remarkably, we found that knockdown of POH1 substantially inhibited the basal levels of phosphorylated SMAD3 (Fig. 3b) , whereas forced expression of POH1 yielded an opposite effect (Fig. 3c) . Moreover, in the presence of exogenous TGF-β, hyper-activation of TGF-β signaling was greatly sustained by POH1 overexpression, as indicated by the phosphorylation of SMAD3 (p-SMAD3) and SMAD2 (p-SMAD2) (Fig. 3d and Fig. S3b) . Importantly, when POH1 elevation by exogenous TGF-β was blocked by POH1 siRNA, the activation of TGF-β signaling was significantly suppressed (Fig. 3e) . Similarly, overexpression of POH1 increased the levels of p-SMAD3 in p53 −/− , myristoylated AKT-transformed mouse liver progenitor cells (LPC-AKT) [27] (Fig. 3f) , as well as the immortalized hepatocytes LO2 (Fig. 3g) . Therefore, these results demonstrate a role for POH1 in promoting TGF-β activation in HCC.
POH1 interacts with and stabilizes TGF-β receptors
To understand how POH1 positively regulates TGF-β signaling, we performed high-throughput liquid chromatography-mass spectrometry (LC-MS/MS) analyses to identify the proteins potentially interacting with POH1. In brief, the protein complexes containing POH1-Flag were purified by anti-Flag antibody-conjugated resins, and the precipitated proteins eluted by 3 × Flag peptides were subjected to SDS-PAGE segregation and identification analyses (Fig. 4a, Fig. S3c and Table S6 ). Strikingly, in addition to a number of proteins known to interact with POH1, we identified TGFBR1 and several TGFBR1 partners as POH1-interacting protein candidates (Fig. 4a, right panel) . This finding led us to hypothesize that increased TGF-β signaling by POH1 may be directly attributed to POH1 regulation of TGF-β receptor abundance. The interaction between exogenous and endogenous POH1 and TGFBR1 was further verified by co-immunoprecipitation assays (Fig. S3d-e) . However, POH1 was not co-immunoprecipitated with SMAD7, a well-known negative regulator of the TGF-β receptor complex (Fig. S3f) .
TGFBR1 is complexed with TGFBR2 to form heteromeric tetramers on cell surface, which initiates intercellular signal transduction [34] . We then examined the interaction of POH1 with the TGF-β receptor complexes via co-immunoprecipitation experiments and found that both TGFBR1 and TGFBR2 efficiently precipitated with POH1 (Fig. 4b) . Consistent with these findings, expression of exogenous POH1 elevated both TGFBR1 and TGFBR2 in multiple cell lines (Fig. 4c and Fig. S3 g) . The JAMM motif-depleted POH1 did not act as the wild-type POH1 to regulate the TGF-β receptors and TGF-β signaling activity (Fig. S3 h) , indicating a requirement of deubiquitinase activity in this process. As expected, detection of biotinylated cell surface proteins revealed that POH1 increased the membrane-localized TGF-β receptors (Fig. 4d) . Conversely, downregulation of POH1 by siRNAs decreased levels of TGFBR1 and TGFBR2 proteins in cells or on cell surface (Fig. 4e-f) . Of note, the overexpression of POH1 did not result in a significant change in their mRNA levels (Fig. S3i) , indicating that the POH1-mediated regulation of the TGF-β receptors involves post-transcriptional mechanisms. Accordingly, POH1 down-regulation efficiently decreased the stability of the TGF-β receptors (Fig. 4g) . To evaluate whether POH1-mediated regulation of the TGF-β receptors occurs in primary mouse liver cells, we treated Mx-Cre
f/f mice with poly I:C to induce POH1 depletion in liver cells (Fig. 4h) [27] . We found that ablation of POH1 in primary mouse liver tissues resulted in a significant reduction in levels of TGFBR1 and TGFBR2 proteins, as measured by western blotting and immunohistochemistry analyses (Fig. 4i and Fig. S3j) . 
POH1 deubiquitinases the TGF-β receptors and caveolin-1
The turnover of the TGF-β receptors, both TGFBR1 and TGFBR2, is controlled by ubiquitination of these proteins, endocytosis and subsequent lysosomal degradation [35, 36] . To determine whether the deubiquitinase POH1 attenuates the ubiquitination of TGFBR1 and TGFBR2. The deubiquitination assays showed that ectopically expressed POH1 dramatically decreased the levels of ubiquitinated TGFBR1 and TGFBR2 proteins (Fig. 5a-b) . Moreover, we also found that both the K48 and K63 poly-ubiquitin chains of TGFBR1 and TGFBR2 proteins can be reduced in cells with POH1 overexpression (Fig. S4a-b) . POH1 belongs to the JAMM domain metalloproteases and is specific for K63-linked polyubiquitin chains. The regulation of Ub-K48 chains of the receptors by POH1 may be resulted from indirect mechanisms. To test this speculation, we performed in vitro deubiquitinating assays, the results showed that the wild-type POH1, efficiently removed Ub-WT, and \ \K63 chains, but not \ \K48 chains on the TGF-β receptors ( Fig. 5c and Fig. S4c ). In addition, while the treatment of the cells with lysosome inhibitor bafilomycin A1 (BFA1) rescued POH1 knockdownmediated destabilization of the TGF-β receptors (Fig. 5d) , the proteasome inhibitor Mg132 did not produce similar results (Fig. S4d) , demonstrating the requirement of lysosomal activity in this process. It has long been appreciated that efficient trafficking of the TGF-β receptors to lysosomes is thought to be accomplished by caveolin-1 (CAV1)-coated lipid rafts, called caveolae, and CAV1 regulates TGF-β signaling via affecting the stability of TGF-β receptors [37, 38] . Moreover, the polyubiquitination of CAV1 function as lysosomal trafficking signals to facilitate protein turnover [39] [40] [41] . The observations that loss of POH1 destabilized CAV1 protein ( Fig. 5d and Fig. S4e-f) suggested an involvement of CAV1 in the POH1-mediated stabilization of the TGF-β receptors. Intriguingly, knockdown of POH1 increased the interaction between the TGF-β receptors and CAV1 (Fig. 5e) , indicating that the endocytosis of these receptors by caveolae may be enhanced. We found that POH1 interacted with CAV1 ( Fig. 5f ), and substantially reduced wild type-and K63-linked ubiquitination on CAV1 proteins (Fig. 5g) , and that knockdown of POH1 increased CAV1 polyubiquitination (Fig. 5h) . We propose that downregulation of the ubiquitination of CAV1 by POH1 may lead to a downregulation of lysosomal degradation of the TGF-β receptors. We then generated a dominant-negative mutant form of CAV1, in which all 12 lysines were replaced by arginines (K-R) to eliminate their ubiquitination, and found that CAV1(K-R) expression dramatically increased levels of the TGF-β receptors and counteracted the POH1 knockdown-mediated down-regulation of the receptors (Fig. 5i) . Collectively, these results suggest that POH1 can attenuate CAV1-mediated lysosomal degradation of TGFBR1 and TGFBR2 via deubiquitinating the TGF-β receptors and caveolin-1.
POH1 facilitates HCC cell metastasis through activating TGF-β signaling
The aforementioned clinical evidence indicate that POH1 is overexpressed in the aggressive subclass of HCC and correlates with metastatic signatures (Fig. 2f) . We then examined whether POH1 promotes metastatic capabilities of liver tumor cells using in vitro and in vivo experiments. We found that POH1 knockdown significantly reduced the migration and invasion capability of HCC cells (Fig. 6a) . While the exogenous expression of constitutively activated TGFBR1 (T204D) rescued the attenuated migratory ability (Fig. 6b) , suggesting that POH1 regulates cellular metastatic potential via TGF-β signaling. In contrast, overexpression of POH1 significantly accelerated TGF-β-induced migration and invasion of HCC cells tested by transwell and wound healing assays (Fig. S5a-b) , without altering the growth rate in vitro (Fig. S5c) . Furthermore, these effects could be antagonized by the TGFBR1 inhibitor LY364947 (Fig. 6c and Fig. S5d) .
We further examined the function of POH1 in promoting cancer cell metastasis. HCC cells with or without POH1 overexpression were injected into nude mice to generate experimental lung metastases. The results showed that overexpression of POH1 significantly promoted metastasis of MHCC97L HCC cells in vivo (Fig. S5e) . Similar results were obtained in experiments using mouse liver LPC-AKT cells; POH1 overexpression significantly enhanced the formation of visible metastatic lung nodules (Fig. 6d) .
Taken together, this study demonstrates that POH1 deubiquitinates the TGF-β receptors and CAV1 to attenuate lysosomal degradation of the receptors, thereby promoting TGF-β signaling and HCC metastasis (Fig. 6e) .
Discussion
TGF-β signaling transduction initiates from the binding of TGF-β to the TGF-β receptor complex formed by TGFBR1 and TGFBR2 [34] . Deregulated function of the TGF-β receptors correlates with the metastatic potential of tumor cells and tumor aggression. Genetic or pharmaceutical disruption of TGF-β receptors alleviates the development and progression of liver cancer [5, 6, 42] . Our classification of HCCs with in silico data complements the previous finding that TGF-β signaling is critically contributive to HCC metastasis. Intrigued by the results of bioinformatics analyses and mass spectrometry, we performed a series of experiments in this study that demonstrate a functional interaction between POH1 and the TGF-β receptors and the clinical relevance of POH1-mediated stabilization of the TGF-β receptors in HCC.
The stability of TGF-β receptors is tightly regulated posttranscriptionally to ensure the appropriate onset of this signaling. TGF-β receptors modified with ubiquitination are usually targeted for lysosome-mediated degradation [35, 36] . The TGF-β receptors undergo constitutive endocytosis by clathrin and CAV1-coated vehicles in the absence or presence of TGF-β [37] . Clathrin-positive vehicles are thought to contribute to TGF-β signaling activation [43] , whereas caveolin-1-enriched lipid rafts can switch off the signaling by delivering the receptors to lysosomes for destruction [37, 38] . Notably, several regulators can downregulate TGF-β signaling through caveolin-dependent degradation of the TGF-β receptors [44, 45] .
While regulation of TGF-β receptors by deubiquitination is important for proper TGF-β signaling in physiological scenarios, dysregulated expression of the DUBs that target TGF-β receptors are also implicated in various pathological processes [18, 19, 46] . The deubiquitinating enzyme POH1 has several substrates that function as pro-tumorigenic factors, including E2F1 [27] , c-Jun [47] , Mitf [48] , Snail [28] and the cell surface protein Erbb2 [49] . Our study demonstrates that high POH1 expression in HCC contributes to hyperactivation of TGF-β signaling via deubiquitinating TGF-β receptors. Moreover, the modification of CAV1 by the K63-linked polyubiquitin chains enhances lysosomal sorting and protein clearance [39, 40] . POH1 can remove the K63-polyubiqutin chains attached to CAV1 and compromise its activity in the lysosomal degradation of the TGF-β receptors.
Regarding the functional consequences of POH1-mediated promotion of TGF-β signaling in HCC cells, we found that POH1 substantially increased the metastatic potential of HCC cells both in vitro and in vivo. More importantly, the findings that POH1 promotes TGF-β signaling can be further demonstrated with clinical data. We detected a coordinated upregulation of POH1 and phosphorylated SMAD3 in HCC tissue samples. Furthermore, by analyzing several online datasets that include different cohorts of HCC patients, we found that POH1 expression in HCC tissues was positively correlated with TGF-β signaling activity. In addition, our experiments and the data mining of multi-central datasets showed that HCC patients with high expression of POH1 exhibited low overall survival rates and were more likely to have recurrence, reinforcing a pathological significance for POH1 regulation of TGF-β signaling. Collectively, our study reveals an unappreciated role of POH1 in the regulation of the turn-over of the TGF-β receptors and demonstrates the contribution of the regulation to metastatic progression of HCC.
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